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Herein,  we  are  disclosing  simple  route  for  the  preparation  of  alkaline  membranes  (AMs)  based  on 
aminated  multiblock  poly(arylene  ether)s  (AMPEs)  synthesized  by  nucleophilic  substitution-poly 
condensation  followed  by  quaternization  and  alkalization  reactions.  In  this  procedure,  four  quaternary 
ammonium  groups  are  successfully  introduced  without  use  of  carcinogenic  reagents  such  as  chlor- 
omethylmethyl  ether  (CMME).  Hydrophilic/hydrophobic  phase  separation  is  responsible  for  their  high 
hydroxide  conductivity  (-150  mS  cm-1  at  80  °C)  due  to  development  of  interconnected  ion  transport 
pathway.  AMs  are  exhibiting  good  alkaline  stability  due  to  the  presence  of  two  vicinal  quaternary 
ammonium  groups  and  avoid  degradation  such  as  Sommelet— Hauser  rearrangement  and  Hofmann 
elimination.  Vicinal  quaternary  ammonium  groups  also  resist  nucleophilic  (OH-)  attack  and  suppress  the 
Stevens  rearrangement  as  well  as  Sn2  substitution  reaction  due  to  stearic  hindrance.  Optimized  AM 
(AMPE-M20N15  (55%  DCM))  exhibits  about  0.95  V  open  circuit  voltage  (OCV)  and  48.8  mW  cm-2  power 
density  at  65  °C  in  alkaline  direct  methanol  fuel  cell  (ADMFC)  operation.  These  results  suggest  promising 
begin  for  the  preparation  of  stable  and  conductive  AMs  for  ADMFC  applications  and  useful  for  developing 
hydroxide  conductive  materials. 
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1.  Introduction 

Fuel  cells  are  promising  renewable  energy  sources  for  automo¬ 
tive,  stationary  and  mobile  applications  because  of  their  high  effi¬ 
ciency  and  low  pollution  levels  [1,2].  Proton  exchange  membrane 
fuel  cells  (PEMFCs)  have  attracted  significant  attention  during  the 
last  few  years  but  the  obstacles  like  fuel  crossover,  conductivity  loss 
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at  elevated  temperature,  use  of  noble  metal  catalysts  and  their 
poisoning  hampered  their  commercialization  [2  .  Alkaline  direct 
methanol  fuel  cells  (ADMFCs)  have  the  potential  to  overcome  the 
above  problems  due  to  good  reaction  kinetics,  less  fuel  crossover 
(due  to  reverse  electro-osmosis)  in  addition  to  avoid  of  noble  metal 
catalysts  results  to  high  power  output  with  low  cost  fuel  cells  [3-6]. 
To  date,  several  types  of  AMs  based  on  polystyrene  [7],  poly(- 
phenylene  oxide)  [8  ,  poly(ether-imide)  [9  ,  radiation-grafted 
fluorinated  polymers  [10,11],  organic-inorganic  hybrid  composites 
[12-14],  polybenzimadazole  [15,16],  or  poly(arylene  ether)s 
[17-23]  have  been  reported.  Although,  these  AMs  displayed  wide 
range  of  conductivity  and  suitability  for  ADMFC  applications,  the 
membrane  stability  in  alkaline  media  at  elevated  temperatures  is 
poor  due  to  aforementioned  possible  degradation  mechanisms  of 
quaternary  ammonium  groups  18,24,25  . 

Researchers  continued  to  explore  alternatives  to  circumvent 
this  obstacle  by  different  way  of  quaternization  techniques. 
Recently,  Yan  et  al.  [26]  and  Zhang  et  al.  [21]  synthesized  AMs 
based  on  quaternary  phosphonium  and  benzyl  quaternary  gua- 
nidinium  respectively  with  high  conductivity  and  good  alkaline 
stability.  Further,  Hickner  et  al.  [27]  reported  quaternized 
poly(2, 6-dimethyl  phenylene  oxide)  containing  long  alkyl  side 
chain  pendant  to  the  central  nitrogen  based  AMs  in  order  to 
resist  nucleophilic  attack  but  there  is  a  possibility  of  ammonium 
groups  degradation  via  Hofmann  elimination  due  to  presence  of 
^-hydrogen  atom  on  quaternary  ammonium  group.  However,  the 
above  reported  AMs  have  only  single  cationic  group  and  can 
carry  only  one  anion.  On  the  other  hand,  presence  of  four  qua¬ 
ternary  ammonium  groups  has  the  potential  to  increase  the  ion 
exchange  capacity  and  hydroxide  conductivity  of  the  mem¬ 
branes.  Watanabe  and  Miyatake  et  al.  group  reported  AMs  based 
on  anion  conductive  poly(arylene  ether)s  [18]  and  successfully 
introduced  four  cationic  groups  by  Fridel-Crafts  chlor- 
omethylation  reaction  using  CMME  but  the  reagent  was  carci¬ 
nogenic  and  potentially  harmful  to  human  health  [28-31  . 
Recently,  Hickner  et  al.  [32]  reported  quaternary  ammonium 
functionalized  benzylmethyl  containing  poly(arylene  ether  ke- 
tone)s  having  six  quaternary  ammonium  groups  with  Br-  as 
counter  anion.  But  these  AMs  are  quite  sensitive  in  alkaline 
conditions  and  easily  undergo  Sommelet-Hauser  rearrange¬ 
ment,  Stevens  rearrangement  and  SN2  substitution  reaction  due 
to  the  presence  of  more  ortho-hydrogen  and  a-H  atoms  which 
causes  to  functional  group  degradation.  Thus,  the  development 
of  highly  stable  and  conducting  AMs  by  a  facile  green  method  is 
still  an  interesting  challenge  [33,34]. 

We  have  reported  a  series  of  AMs  with  well-controlled 
composition  and  structure  which  shows  high  hydroxide  ion 
conductivity,  excellent  alkaline  stability  for  ADMFCs  applications 
by  introducing  four  cationic  groups  via  pre-chloromethylation  of 
bisphenol  monomer  in  a  facile  green  manner.  The  introduction 
of  two  vicinal  quaternary  ammonium  groups  in  the  membrane 
matrix  is  the  key  part  of  the  reported  method.  This  imparts  the 
membrane  alkaline  stability  and  avoids  the  degradations  such  as 
Sommelet-Hauser  rearrangement  owing  to  the  absence  of  ortho 
hydrogen  adjacent  to  quaternary  ammonium  groups.  Further, 
Hofmann  elimination  was  also  rule  out  due  to  absence  of  0- 
hydrogen  atoms.  Even  though  the  developed  AMs  have  more  a- 
H  atoms,  Stevens  rearrangement  and  Sn2  substitution  reaction 
has  been  also  suppressed  due  to  the  stearic  hindrance  of  vicinal 
quaternary  ammonium  groups.  A  detailed  investigation 
on  membrane  properties  such  as  water  affinity,  swelling  ratio 
(%),  hydroxide  ion  conductivity,  mechanical,  alkaline  stability 
and  long  term  durability,  on  membrane  composition  was 
carried  out  to  assess  the  suitability  of  these  AMs  for  ADMFC 
application. 


2.  Experimental  section 

2.2.  Materials  and  methods 

4,4/-Difluorophenyl  sulfone  (FPS),  4,4/-difluorobenzophenone 
(DFBP),  and  bisphenol  A  (BPA)  were  obtained  from  Aldrich,  and 
crystallized  in  toluene/ethanol.  Formaldehyde,  potassium  carbon¬ 
ate,  calcium  carbonate,  thionyl  chloride,  N,  N'-dimethylacetamide, 
toluene,  methanol,  1,1,2,2-tetrachloroethane  (TCE)  and  trimethyl- 
amine  aqueous  solution  (35wt  %)  were  purchased  from  Spec- 
trochem,  India  and  used  as  received.  Chloroform,  sodium 
hydroxide,  ethanol,  and  acetone  were  (AR  grade;  SD  Fine  Chem¬ 
icals,  India)  used  as  received.  Nitrogen  and  argon  gases  were  pur¬ 
chased  from  Ultra-Pure  Gases  (I)  PVT.  LTD.,  India. 

2.2.2.  Synthesis  of  2,2',3,3'-tetrakis(chloromethyl)bisphenol 
(TCMBP)  monomer 

A  300  mL  round-bottomed  flask  was  charged  with  bisphenol-A 
(40  mmol),  K2CO3  (100  mmol)  and  water  (200  mL)  containing  37% 
formaldehyde  (740  mmol)  under  constant  stirring  in  an  inert  at¬ 
mosphere  at  60  °C  for  4  h.  CO2  was  bubbled  through  yellow  col¬ 
oured  solution  at  30  °C  until  it  turned  to  cloudy  (as  shown  in  the 
photograph).  The  reaction  mixture  was  extracted  with  ethyl  acetate 
and  dried  in  MgS04  followed  by  removal  of  solvent  under  reduced 
pressure.  The  obtained  2,2',3,3/-tetrakis  ( hydroxymethyl )bisphenol 
(THMBP)  monomer  was  diluted  with  CHCI3  followed  by  drop-wise 
addition  of  SOCI2  (120  mmol)  solution  in  CHCI3  (100  mL)  over 
30  min.  Above  solution  was  stirred  for  1  h  and  washed  with  satu¬ 
rated  aqueous  NaHCCU  to  remove  excess  of  SOCI2.  Now  the  organic 
layer  was  dried  (MgS04)  and  solvent  was  removed  under  reduced 
pressure.  55%  yield  of  2,2/,3,3'-tetrakis(chloromethyl)bisphenol 
(TCMBP)  monomer  was  obtained.  The  structure  of  obtained 
monomers  was  confirmed  by  jH  NMR  spectra,  (a)  THMBP  (40% 
yield):  5  4.76  (br,  4H),  4.93  (br,  4H),  1.70  (S,  6H),  7.17  (d,  2H),  7,24  (d, 
2H)  and  (b)  TCMBP(55%  yield):  5  4.61  (s,  4H),  4.74  (s,  4H),  1.53  (s, 
6H),  7.00  (d,  2H),  7,06  (d,  2H). 


(a)  Before  and  (b)  after  the  gas  purging 


Here  SOCI2  is  not  an  innocuous  material;  causes  skin  burning 
and  eye  damage.  In  contact  with  water  it  liberates  toxic  gas  so  it's 
necessary  to  avoid  moisture  in  the  reaction.  This  reagent  can  be 
handled  easily  with  proper  safety  protocol. 

2.2.2.  Synthesis  of  aminated  poly(arylene  ether)s  (AMPEs)  based 
alkaline  membranes 

AMs  are  synthesised  by  nucleophilic  substitution-poly 
condensation  of  TCMBP,  FPS  and  DFBP  monomers.  Detailed  Syn¬ 
thesis  of  aminated  poly(arylene  ether)s  (AMPEs)  based  alkaline 
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membranes  has  been  included  in  Section  SI.  Three  types  of  alkaline 
membranes  (AMPE-M20N15,  AMPE-M15N15,  and  AMPE-M10N15 
where  M  and  N  represent  number  of  repeating  unit  of  the  hydro¬ 
philic  and  hydrophobic  segment,  respectively)  were  prepared  by 
varying  the  block  length  of  hydrophilic  oligomers  and  degree  of 
chloromethylation  (DCM). 

2.2.  Membrane  characterizations  and  stabilities 

Detailed  procedure  for  water  uptake  (WU),  swelling  ratio  (%),  ion 
exchange  capacity  (IEC),  hydroxide  conductivity  (a)  and  activation 
energy  (Ea)  of  developed  AMs  has  been  included  in  Section  S3.  The 
hydrothermal  and  alkaline  stability  tests  were  carried  by  placing 
the  AMs  in  a  closed  vial  filled  with  the  water  and  8  M  NaOH  at  80  °C 
for  500  h.  Changes  in  the  chemical  structure  was  investigated  by 
NMR  spectra.  Membrane  stabilities  were  evaluated  by  loss  in  IEC, 
and  conductivity  of  samples.  Detailed  explanation  of  thermal  and 
mechanical  stabilities  of  AMs  was  included  in  Section  S4. 

2.2.1.  Methanol  permeability  and  selectivity  parameter 
measurements 

Methanol  permeability  and  selectivity  parameter  of  developed 
AMs  were  investigated  and  detailed  procedure  has  been  included  in 

Section  S5. 

2.2.2.  Preparation  of  membrane  electrode  assembly  (MEA ) 

MEA  was  fabricated  by  our  previous  technique  which  consists  of 
three-layer  structure  (AM,  anode/cathode  catalyst  layer  and  diffu¬ 
sion  layers)  40].  The  carbon  paper  was  wet  proofed  with  12  wt.% 
PTFE  solution  by  the  brush  painting  method.  The  GDL  (25  cm2 
geometric  area)  was  fabricated  by  coating  slurry  of  0.50  mg  cm”2 
consisting  of  carbon  black  (Vulcan  XC72R)  and  PTFE  dispersion  on 
carbon  paper.  The  Pt  loading  in  both  the  anode  and  cathode  was 
0.4  mg  cm-2.  Thus,  the  obtained  electrode  was  cold  pressed 
membrane  followed  by  curing  at  60  °C  for  12  h  and  then  hot 
pressed  at  130  °C  for  3  min  at  1.2  MPa.  The  MEA  was  achieved  by 
hot  pressing  an  electrode/membrane/electrode  sandwich  at  a 
temperature  of  100  °C  for  3  min  at  1.0  MPa.  The  MEA  was  assembled 
into  a  single  cell  (FC25-01  DM  fuel  cell),  2  M  MeOH  in  6  M  NaOH 
was  used  as  a  fuel  at  anode  and  air  at  the  cathode  and  fed  with 
5  mL  min”1  and  100  mL  min”1  respectively  to  record  the  cur¬ 
rent-voltage  polarization  curves  with  the  help  of  an  MTS-150 
manual  fuel  cell  test  station  (ElectroChem  Inc.,  USA).  Single  cell 
performance  was  carried  with  developed  AMs  (55%  DCM)  at  65  °C. 

3.  Results  and  discussion 

3.1.  Synthesis  and  characterization  of  2,2', 3, 3'- 
Tetrakis(chloromethyl)Bisphenol  (TCMBP)  monomer 

TCMBP  was  synthesized  by  two  steps:  synthesis  of  2,2',3,3'-tet- 
rakis(  hydroxymethyl  )bisphenol  (THMBP);  and  conversion  of 
THMBP  to  TCMBP  using  the  thionyl  chloride.  Detailed  synthesis 
procedure  has  been  shown  in  scheme  land  investigated  by  NMR 
spectra.  During  the  preparation  of  THMBP,  another  major  product 
2,2',6,6/-tetra(hydroxy  methyl)bisphenol  monomer  (50%  yield)  is 
also  formed.  But  here,  we  have  preferred  the  minor  product  of 
2,2',3,3/-tetra(hydroxy  methyl)bisphenol  monomer  for  the  devel¬ 
opment  of  AMs,  as  it  has  the  capability  to  restrict  the  possible  deg¬ 
radations  due  to  stearic  hindrance  generated  by  two  bulky  vicinal 
quaternary  ammonium  groups  after  quaternization  reaction. 

Two  broad  peaks  at  4.76  and  4.93  ppm  chemical  shift  values 
correspond  to  two  asymmetric  -CH2OH  groups  (denoted  as  “e”  and 
“d”,  respectively),  aromatic  protons  (7.17-7.24  ppm)  are  designated 
as  “a”,  and  “b”,  while  for  -C(CH3)2  (gem-dimethyl)  group 


(1.70  ppm)  was  designated  as  “c”  in  Fig.  SI  (a).  After  treatment  of 
THMBP  with  SOCI2;  two  peaks  appears  at  4.61  ppm  &  4.74  ppm 
(corresponding  to  -CH2CI  group  and  denoted  as  “4”  and  “5” 
respectively)  due  to  shielding  effect  in  addition  to  the  D2O  peak 
(4.20  ppm).  Peak  for-C(CH3)2  group  was  aroused  at  1.53  ppm 
(assigned  as  “3”),  while  for  aromatic  protons  are  in  the  range  of 
7.00-7.06  ppm  (assigned  as  “1”  and  “2”)  observed  in  Fig.  Sl(b). 
Chemical  shift  values  for  -CH2CI  group  is  marginally  less  in 
compare  with  -CH2OH  group,  because  of  less  deshielding  nature 
of -Cl  group  than  -OH  group.  The  -OH  group  is  a  strong  activating 
group  by  resonance  effect;  if  the  electrophilic  substitution  takes 
place  at  both  ortho  positions  of -OH  groups,  a  single  -CH2OH  peak 
along  with  one  aromatic  singlet  peak  should  only  appear.  But  from 
the  NMR  spectrum  of  THMBP,  there  were  two  -CH2OH  peaks 
observed  along  with  a  double  doublet  of  two  dissimilar  aromatic 
protons  appeared  to  be  merged.  These  observations  confirmed 
electrophilic  substitution  at  both  ortho-positions  of  -OH  and 
-C(CH3)2  groups  (caused  by  the  activating  nature  of  -C(CH3)2 
group  by  inductive  effect). 

The  degree  of  chloromethylation  (DCM)  for  TCMBP  was  esti¬ 
mated  by  jH  NMR  spectra  by  the  integral  peaks  ratio  of  “4”,  and  “5” 
(assigned  for  -CH2CI  group)  to  those  of  peak  3  (assigned  for 
-C(CH3)2  group)  by  following  expression. 


DCM 


2A(H4  +  H5) 

Am 


Where  A  (H4  +  H5)  is  the  sum  of  integral  area  of  both  H4  and  H5 
peaks  (assigned  for  -CH2C1  group),  and  A  (H3)  is  the  area  of  the  H3 
peak  (assigned  for  -C(CH3)2  group)  (Fig.  Sl(b)).  TCMBPs  with 
different  DCMs  (90%,  55%  and  35%)  were  prepared  by  varying  the 
molar  ratios  of  formaldehyde  and  SOCI2  (  able  SI). 


3.2.  Synthesis  and  characterization  of  chlor  ome  thy  late  d  multiblock 
copoly(arylene  ether)s  (CMBPEs) 

A  series  of  CMBPEs  (varied  DCMs)  with  different  hydrophilic  and 
hydrophobic  oligomer  ratios  were  synthesized  by  nucleophilic  sub¬ 
stitution  poly-condensation.  CMBPE  was  designated  as  -M10N15, 
-M15N15,  and  -M20N15;  where  numbers  after  M  and  N  represent 
the  degree  of  polymerization  for  hydrophilic  and  hydrophobic  blocks 
respectively  (Scheme  1 ).  The  hydrophilic  oligomer  were  prepared  in 
dry  DMAC  by  poly  condensation  of  TCMBP  and  FPS  with  controlled 
feed  monomer  ratio  (e.g.,  TCMBP/FPS  =  10/11  molar  ratio  for  an 
X  =  10  oligomer)  in  the  presence  of  I<2C03.  A  little  amount  of  FPS  was 
added  at  the  last  stage  of  the  oligomerization  reaction  for  the  end¬ 
capping  of  the  oligomers  with  F-terminal  groups. 

The  OH-terminal  bisphenol  containing  hydrophobic  oligomers 
were  prepared  similarly  with  DFBP  and  the  controlled  excess  amount 
of  BPA  19].  The  chemical  structure  and  molecular  weight  of  the  hy¬ 
drophilic  and  hydrophobic  oligomers  were  characterized  by  NMR 
spectra  and  GPC  measurements  (Fig.  S2  and  Table  S2).  The  oligomer 
lengths  were  determined  from  the  ]H  NMR  spectra  by  the  integral 
ratio  of  protons  at  the  terminal  phenyl  groups  to  those  in  the  repeat 
units.  Block  copolymerization  was  carried  out  with  by  coalescing  of 
different  block  lengths  of  hydrophilic  and  hydrophobic  (BPA-con- 
taining)  oligomers  in  the  presence  of  I<2C03  and  CaC03  in  dry  DMAc 
solution  renders  a  series  of  CMBPEs  (CMBPE  -M10N15,  -M15N15,  and 
-M20N15).  Since  the  poly  condensation  reaction  has  been  carried  out 
at  below  200  °C,  the  choloro methyl  groups  does  not  undergo  self¬ 
crosslinking  reaction  and  remains  for  quaternization  [35,36  . 

Obtained  CMBPE  copolymers  were  soluble  in  organic  solvents 
such  as  1,1,2,2-tetrachloroethane,  dichloromethane,  chloroform, 
DMAc,  N,N-dimethylformamide  (DMF),  and  dimethylsulfoxide 
(DMSO).  The  molecular  weights  of  the  CMBPE-M20N15  (90%  DCM) 
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2, 2', 3, 3'  -  Tetrakis(hydroxymethyl)Bisphenol  2, 2’, 3, 3’  -  Tetrakis(chloromethyl)Bisphenol 


k2co3 

DMAc 


Toluene 

140°C 

165°C 


HO 


k2co3 

DMAc 


Toluene 

140°C 

165°C 


o]-h 


K2C03  DMAc,  Toluene 

CaC03  140°C 
w  165°C 


1M  KOH 


V 


where,  R  =  -CH2N+(CH3)3  OH 


Scheme  1.  Reaction  scheme  for  the  preparation  of  AMPE  based  AMs. 


were  estimated  by  GPC  and  summarized  in  Table  1.  Molecular 
weights  of  CMBPEs  were  several  times  higher  in  compare  with  both 
(hydrophilic  and  hydrophobic)  parental  oligomers,  confirmed  the 
formation  of  multiblock  copolymers.  The  NMR  spectra  of  the 
CMBPEs  were  well-designated  to  the  presumed  chemical  structure 
(Fig.  1(a)  as  an  example  for  CMBPE-M20N15  (90%  DCM))  by  refer¬ 
ring  to  the  spectra  of  the  parental  oligomers  (Fig.  S2).  The  oligomer 
feed  ratio  and  copolymer  composition  were  in  good  agreement 
which  supports  the  multiblock  structure. 

Peaks  at  4.69  ppm  and  4.74  ppm  corresponding  to  methylene 
protons  of  chloromethyl  groups  (denoted  as  c  and  d).  While,  methyl 
protons  of  the  -C(CH3)2  group  (denoted  as  e  and  1  respectively) 
showed  peaks  at  1.69  ppm  and  the  aromatic  protons  of  both  hy¬ 
drophilic  and  hydrophobic  blocks  along  with  bridged  hydrocarbon 
unit  showed  peaks  between  6.77  and  7.86  ppm  were  observed  in 
the  ’H  NMR  spectrum  of  CMBPE-M20N15  (90%  DCM)  (Fig.  1(a)). 

3.3.  Membrane  formation  and  amination  of  CMBPEs 

Membranes  were  prepared  by  dissolving  CMBPEs  in  1, 1,2,2- 
tetrachloroethane  and  cast  the  polymer  solution  on  a  clean  glass 
plate  followed  by  drying  in  a  vacuum  oven  at  80  °C  for  24  h.  The 


Table  1 

Molecular  weights  of  the  CMBPE  (90%  DCM)  copolymers. 


Membranes 

Mn  (kg  mol 

Mw  (kg  mol  1) 

MjMn 

CMBPE-M10N15 

69 

138 

2.0 

CMBPE-M15N15 

57 

110 

1.9 

CMBPE-M20N15 

85 

195 

2.3 

dried  CMBPE  membrane  was  aminated  with  TMA  and  further 
immersed  in  1  M  KOH  for  alkalization  at  room  temperature  for  48  h 
for  obtaining  AMPE  membranes  in  alkaline  form. 

The  peaks  at  4.69  ppm  and  4.73  ppm  (due  -CH2C1  groups)  were 
disappeared  while,  new  peaks  at  5.27  and  5.51  ppm  were  observed 
because  of  the  methylene  groups  of  quaternary  ammonium  groups 
(denoted  as  c  and  d).  A  peak  at  2.94  ppm  was  observed  and  cor¬ 
responds  to  the  -CH3  groups  of  the  quaternary  ammonium  groups 
(denoted  as  m).  The  peaks  at  1.75  and  1.62  ppm  were  merged  due  to 
-C(CH3)2  group  (denoted  as  1  and  e)  and  aromatic  protons  showed 
in  the  range  of  6.82-8.06  ppm  in  NMR  spectrum  of  AMPE- 
M20N15  (90%  DCM)  (Fig.  1(b)). 

3.4.  Structural  morphology  of  AMPE  membranes 

TEM  images  of  AMPE-M10N15  (IEC  =  1.15  meq  g"1),  AMPE- 
M15N15  (IEC  =  1.61  meq  g”1),  AMPE-M15N15 

(IEC  =  2.08  meq  g"1)  and  AMPE-M20N15  (IEC  =  2.69  meq  g"1) 
shows  well  defined  phase  separation  due  to  sequential  block 
structure  of  membranes  composed  of  both  hydrophilic  (dark)  and 
hydrophobic  (bright)  domains  (Fig.  2(a),  (b),  (bl)  &  (c)).  These 
images  are  recorded  in  dry  state.  The  size  of  these  domains  appears 
to  be  small  due  to  the  close  packing  of  polymer  chain  (because  of 
strong  intermolecular  interactions)  18].  The  structural  differences 
between  hydrophobic  (phenylene  sulfo-keto  groups)  and  hydro¬ 
philic  (tetra  quaternary  ammonium  groups)  blocks  were  respon¬ 
sible  for  phase  separation.  Further,  with  increase  in  block  length  of 
hydrophilic  oligomer,  the  size  of  dark  ionic  domains  (quaternary 
ammonium  groups  containing)  also  increased  and  leads  to  an 
increment  in  IEC  and  hydroxide  ion  conductivity.  Similar  effect  was 
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Fig.  1.  'H  NMR  spectra  of  (a)  CMBPE-M20N15  and  (b)  AMPE-M20N15  (IEC  =  2.69  meq  g  membranes. 


happened  in  case  of  AMs  with  varied  DCMs  having  same  hydro¬ 
philic/hydrophobic  bock  length  (Fig.  2(b  and  bl)).  This  may  be  due 
the  formation  of  ionic  channels  by  the  interconnected  hydrophilic 
domains  and  its  distribution  in  the  membrane  phase  [37  .  The  size 
of  ionic  domains  increases  directly  to  hydrophilic  block  length 
(which  improves  the  water  uptake  and  hydration).  Therefore  hy¬ 
dration  of  membrane  is  directly  proportional  to  hydrophilic  block 
length,  the  size  of  ionic  domains  increases  respectively.  To  assess 
the  ion  conducting  nature,  developed  AMs  were  further  charac¬ 
terized  for  their  physic-  and  electro-chemical  properties. 

3.5.  Ion  exchange  capacity  (IEC),  water  uptake  (WU),  through- 
plane  swelling  ratio  (%)  and  hydroxide  ion  conductivity  (a)  of  AMs 

The  IEC,  WU,  number  of  adsorbed  water  molecules  per  ammo¬ 
nium  groups  (A)  and  hydroxide  ion  conductivities  of  developed 
AMs  with  different  oligomer  lengths  and  DCMs  were  summarized 
in  able  2.  Availability  of  sufficient  amount  of  water  in  the  mem¬ 
brane  phase  leads  to  formation  of  ion  conducting  channels  and  thus 
high  hydroxide  conductivity  (er),  while  excess  of  water  uptake  ( WU ) 
causes  deformation  in  the  membrane  because  of  excessive 
swelling.  Thus,  membrane  water  uptake  and  hydroxide  ion  con¬ 
ductivity  are  important  structural  characteristics;  measured  at 
30  °C  (Section  S3)  [38  .  It  clearly  demonstrates  the  dependency  of 
water  uptake  and  hydroxide  conductivities  of  developed  AMs  on 
IEC  (Fig.  3(a  and  b)).  The  AMPE-M20N15  membrane  (90%  DCM) 


showed  2.69  meq  g_1  IEC;  -89.5%  WU;  -18.5  number  of  water 
molecules  adsorbed  per  ammonium  groups  (A)  and  107  mS  cm-1 
hydroxide  conductivity.  This  membrane  exhibit  about  23.8% 
through-plane  swelling  and  varies  proportionally  with  hydrophilic 
block  length  intimates  the  formation  of  ordered  hydrophilic  do¬ 
mains  in  the  multiblock  copolymer.  The  in-plane  swelling  does  not 
show  much  variation  with  the  hydrophilic  block  length  and  found 
to  be  less  than  8.0%.  Relatively  low  WU  and  A  values  were  observed 
due  to  contribution  of  aromatic  sulfo-ether  bridge  along  with  hy¬ 
drophobic  block  for  inhibiting  excessive  water  uptake.  The  ionic 
conductivity  and  IEC  values  of  developed  AMPE-M20N15  mem¬ 
brane  (IEC  =  2.69  meq  g_1 )  was  compared  with  other  reported  AMs 
in  the  literature  ( Table  S3).  Alteration  in  anion  exchange  membrane 
conductivities  because  of  C02  contamination  in  fuel  cell  operation 
is  also  expected.  Thus,  membrane  conductivities  were  also  recor¬ 
ded  in  HCO3  form  and  included  in  Table  2.  Marginal  deterioration  in 
conductivity  was  observed  due  to  less  mobility  of  HCO3  in 
compared  with  OFT  form.  Temperature  dependence  of  hydroxide 
ion  conductivities  of  different  AMPE  membranes  in  OH~  form 
(Fig.  S3)  were  clearly  demonstrates  the  increase  in  conductivity 
with  respect  to  temperature.  The  AMPE-M20N15 
(IEC  =  2.69  meq  g'1)  membrane  exhibited  very  high  conductivity 
of  -150  mS  cm'1  at  80  °C  was  observed  due  to  formation  of  ion 
transport  channels  by  highly  functionalized  blocks  through  phase 
separated  morphology.  Further,  these  multiblock  AMPE  mem¬ 
branes  showed  IEC  dependent  activation  energy  (6-11  kj  moU1) 


A.Jasti,  V.K.  Shahi  /  Journal  of  Power  Sources  267  (2014)  714—722 


719 


1  '  .  ^ 

v  ;  a  r  \\k\l  % 

J  >*  a _  ,  ir ^  ••  w  f 

'W  ,*  m  *  j  J*  ''w  ,  %  4+ 

r  *  1  %  r  %  '  /  *  * 

*  %  £  S'*  *  * '  *  •«.  ^  i.  « *  *  ■  m+ 

m  ^  •-  * » *  w  *  e  +  4 

V •  .  (a) 

^ 

a  •  •  .‘.j 

(b) 

/} :  /  •  >’*  W ;V-  r, 

t  ^  m  w  m  4 .  * 

\ ,  i  •  * .  •  •  r  •  ^  -a  { 

i 

• 

r 

• 

L"  v  *  t  x  •  4  **  • 

cy. 

.20(rnm 

r  \r  *  *  •  i 

*  •  r  i  1  - 

t 

«.  «  k  Tf  m  k  w  rTja 

*  “V  *  /* 

vj  I  ^  u  i  r 

. 

Xf  W  *4  ! 

200  nm 

Hr f  zJA  £  j  f  f  H ' 

J/ 

(C) 

;c;tbi) 

r  .'■frj  !/V‘.  !  /*»'.  . v. J'fG'sjp  1 

U-  J  •  *.  / *  —  «  *  i  i  ■  mf  .1  V  ^  .  »  <  1 

In  f .%  k  >  S  *1  1  "  »  _  r  .  Ia  ^  k  p| 

|>  0  /  •#**'.  *  £  4  ft** 

Ik  i*.  i  f  a  .  £3  J  T  jft1  ^  j  ’  i "  M.V  i 

1  v * *  Vt/ ^ rf  v/t  i<  ,  y*  "v  f 

*Cf*  • r/rv'  •*  ^  ^  .«  ( 

(V  A'V 'A1  -'.C/'Cr-1 v'v.C'#' 

|k  |  Jr  i  *  »*  ”  .»  .  fc  •  I  »  "  |  2  • A  *.  »  #  7  .1  *  7^ 

|  * ;  ■  v  ‘  .  ♦  /  0  1  •  .  ^ 

r  ^  '  ‘  0  4  *  •  )  , ,  *  **  »  y"  « •  * ' -  *  •  *t 

Hi  ”  f  K  XaJP  J  *  y#KJ-4,Tli  > 

bl(  »  '  '  *  *  .  *■.  »  7 

'■  vS'pafiv  >1  ft' 

200  nm 

_ 1  /  m  / ajtfL 

V  ‘  lAli/  1* 

y ^  1 1  *  ^ v  .*•  '.j ■  \y  v 

•  *  *  f  r  /  T\ 

'*  <  ,*  .  I*.*  i*  '  • 

200  nm 

*  •/  >  *  ‘  4  ..  A  ^  •  «|  i 

M10N15  (IEC  =  1.15  meq  g-1);  (b)  AMPE-M15N15  (IEC  =  1.61  meq  g-1);  (c)  AMPE-M20N15 


Fig.  2.  TEM  images  of  developed  AMs  having  different  hydrophilic  blocks:  (a)  AMPE- 
(IEC  =  2.69  meq  g-1);  and  (bl)  AMPE-M15N15  (IEC  =  2.08  meq  g-1)  membranes. 

may  be  due  to  inter-linked  hydrophilic  channels  responsible  for  fast 
ion/molecule  diffusion/conduction.  These  results  indicate  multi¬ 
block  structures  with  highly  functionalized  blocks  are  effective  for 
improved  hydroxide  conductivity  and  IEC. 

3.6.  Alkaline  stability  and  durability 

During  fuel  cell  application,  chemical  instability  of  AMs  under 
hydrothermal  (or)  alkaline  conditions  is  a  challenging  issue 
[18,39-41],  The  AMPE-M20N15  (IEC  =  2.69  meq  g_1)  membrane 
was  treated  in  hot  water  at  80  °C  for  500  h,  and  change  in  their 
chemical  structure  was  analysed  by  NMR  spectra  (Fig.  S5). 
Treated  AMPE-M20N15  (IEC  =  2.69  meq  g-1)  membrane  exhibits 


slightly  smaller  peaks  for  the  methyl  and  methylene  protons  in 
compare  with  pristine  membrane.  The  slight  shift  in  (5-values  of 
aromatic  protons  leads  to  merging;  caused  by  less  deterioration. 
Generally,  AMs  degradation  occurs  due  to  the  effective  nucleophilic 
(OH-)  attack  on  the  quaternary  ammonium  group  of  the  membrane 
matrix.  Degradations  such  as  Sommelet-Hauser  rearrangement 
and  Hofmann  elimination  are  avoided  due  to  the  absence  of  ortho- 
and  (3-hydrogen  atoms  respectively.  The  suppressed  nucleophilic 
(OH-)  attack  (due  to  steric  hindrance  effect  of  two  bulky  vicinal 
quaternary  ammonium  groups)  leads  to  Stevens  rearrangement 
and  Sn2  substitution  reactions  caused  for  less  degradation.  Despite 
of  less  degradation  in  the  membrane  matrix,  further  investigation 
is  in  progress  to  completely  avoid  these  degradations  in  alkaline 


Table  2 

Variation  of  IEC,  water  uptake,  through-plane  swelling  ratio  (%),  number  of  adsorbed  water  molecules  (A),  ion  conductivity  (a)  of  different  AMPE  membranes. 


DCM  (%) 

Membrane 

IEC  (meq  g  1) 

IEC  (meq  g  :) 

WU  (%) 

Through-plane 
swelling  ratio  (%) 

lc 

a  (mS  cm  ^  at  30 

°C 

-OH-  form 

-HCO3  form 

35 

AMPE-M10N15 

1.15 

1.09 

21.5 

8.4 

10.4 

28.2 

18.5 

AMPE-M15N15 

1.35 

1.33 

39.6 

11.9 

16.3 

34.4 

25.3 

AMPE-M20N15 

1.60 

1.56 

53.1 

13.2 

18.3 

60.0 

36.7 

55 

AMPE-M10N15 

1.39 

1.28 

36.0 

12.6 

14.4 

39.5 

26.2 

AMPE-M15N15 

1.61 

1.58 

49.9 

14.1 

17.5 

54.5 

43.0 

AMPE-M20N15 

1.92 

1.95 

67.9 

18.6 

19.7 

82.0 

70.1 

90 

AMPE-M10N15 

1.72 

1.65 

58.9 

17.3 

19.0 

67.7 

39.3 

AMPE-M15N15 

2.08 

1.97 

72.2 

19.5 

19.3 

86.0 

72.8 

AMPE-M20N15 

2.69 

2.64 

89.5 

23.8 

18.5 

107.0 

85.4 

a  Calculated  from  the  DCM  and  the  copolymer  composition. 
b  Estimated  from  the  1H  NMR  spectra  of  AMPE  membranes. 

c  Number  of  adsorbed  water  molecules  calculated  from  the  equation,  A  =  [WU  x  1 000]/[  1 8  x  IEC  (meq  g-1)]. 
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(a)  Nucleophillic  substitution  reaction,  (b)  Stevens  Rearrangement 
Fig.  4.  Possible  degradation  mechanism  of  developed  AMs. 

media.  Possible  degradation  mechanisms  of  these  AMs  are  included 

in  Fig.  4. 

The  durability  of  the  AMPE-M20N15  membranes  (different 
DCMs)  was  investigated  by  recording  their  hydroxide  ion  conduc¬ 
tivity  and  IEC  at  different  time  intervals  during  500  h  treatment 
with  8  M  NaOH  at  80  °C  (Fig.  5).  Even  after  500  h  treatment,  these 
membranes  retained  85%  IEC  and  80%  conductivity  along  with  their 
toughness  and  flexibility.  Chemical  structures  before  and  after  the 
complete  treatment  were  also  analysed  by  NMR  spectra  (Fig.  S6). 
The  peak  intensities  of  both  methyl  and  methylene  protons  were 
slightly  lowered  after  treatment  and  observed  less  deterioration  in 


M10N15  M15N15  M20N15 

Fig.  6.  Selectivity  parameter  (SP)  values  of  developed  AMs  at  60  °C. 


spite  of  having  maximum  number  of  quaternary  ammonium 
groups.  This  deterioration  in  IEC  and  conductivity  was  consistent 
with  each  other.  Since  membrane  conductivity  attained  constant 
value  after  several  hours,  high  durability  of  AMPE  membranes  ap¬ 
pears  to  be  very  promising  for  ADMFCs  application. 

3.7.  Methanol  permeability  and  selectivity  parameter 

The  methanol  tolerance  and  selectivity  (the  ratio  of  the  hydrox¬ 
ide  conductivity  to  the  methanol  permeability)  was  investigated  by 
developed  AMs  in  2  M  MeOH  at  60  °C  which  is  about  the  ADMFC 


Fig.  5.  Variation  of  (a)  hydroxide  conductivity  and  (b)  IEC  of  developed  AMPE-M20N15  membranes  as  a  function  of  time  under  alkaline  treatment  in  8  M  NaOH  at  80  °C. 
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operating  temperature  (Fig.  6)  by  our  previous  method;  compared 
with  other  ADMFC  membranes  [43  .  The  methanol  permeability 
values  increases  along  with  hydrophilic  block  length  as  well  as  de¬ 
gree  of  functionality.  The  methanol  permeability  of  developed  AMs 
showed  reasonable  values  (3.29-16.64  x  10”8  cm2  s”1)  in  spite  of 
high  conductivity,  may  be  due  to  the  amination  of  membrane  matrix 
led  to  a  decrease  in  free  void  volume  which  is  responsible  for  mass 
transport  [42  .  Prepared  AMPE-M20N15  (1.92  meq  g”1)  membrane 
exhibits  10.6  x  10”8  cm2  s”1  methanol  permeability  at  60  °C.  This 
value  can  be  compared  with  other  alkaline  membranes  reported  in 
the  literature  (Table  S4). 

The  developed  AMs  showed  higher  SP  values  (8.3  x  105  S  cm-3  s 
to  12.8  x  105  S  cm-3  s)  in  compare  with  that  of  Nafionll7 
(0.72  x  105  S  cm-3  s)  at  60  °C  [43  .  The  selectivity  decreases 
respectively  with  the  increase  of  hydrophilic  block  length  may  be 
due  to  the  formation  of  ionic  channels  which  enhances  methanol 
permeability.  But  the  conductivity  increases  proportionally  with 
respect  to  hydrophilic  block  length.  As  the  selectivity  parameter 
values  depends  on  both  conductivity  and  methanol  permeability, 
developed  membranes  showed  high  conductivity  values  which 
ignores  the  enhancement  of  methanol  permeability  leads  to  high 
selectivity  parameter  values.  The  higher  selectivity  is  the  potenti¬ 
ality  of  AMs  for  ADMFC  application. 

3.8.  Single  cell  performance  of  developed  AMs 

Fig.  7(a)  shows  the  polarization  curves  for  different  AMs 
(M10N15  (1.39  meq  g^1).  M15N15  (1.61  meq  g^1)  and  M20N15 
(1.92  meq  g-1))  in  single  cell  ADMFC  with  2  M  MeOH  in  6  M  NaOH 
at  65  °C.  M20N15  membrane  showed  0.95  V  OCV  and 
48.8  mW  cm-2  power  density  at  80  mA  cm-2  current  density.  These 
developed  membrane  exhibits  higher  peak  power  density  values 
with  other  AMs  (  'able  S4).  High  OCV  for  M20N15  membrane  was 
attributed  to  the  less  fuel  loss  (reverse  electro-osmosis),  high 
membrane  conductivity  and  better  kinetics  in  alkaline  medium. 
OCV  and  power  density  increased  with  hydrophilic  block  length 
(Fig.  7(a))  maybe  due  to  increase  in  IEC  and  hydroxide  conductivity. 
After  alkaline  stability  test  for  AMs,  their  polarization  curves  were 
also  recorded  under  similar  conditions  (Fig.  7(b)),  to  assess  if  any 
deterioration  in  membrane  performance.  After  the  long-time 
alkaline  treatment,  these  membranes  exhibited  low  OCV 
(0.76-0.84  V)  and  power  density  (24.3-30.8  mW  cm”2)  in 
compare  with  fresh  membrane.  The  degradation  in  cell  perfor¬ 
mance  was  attributed  to  the  deterioration  in  functional  groups  of 
the  matrix  under  long  term  alkaline  medium  due  to  Stevens  rear¬ 
rangement  and  Sn2  substitution  reaction.  These  observations 
revealed  potential  applications  of  developed  AMs  for  ADMFCs. 


4.  Conclusions 

TCMBP  monomers  with  90-35%  DCMs  are  synthesized  by  a 
facile  method.  A  series  of  aminated  multiblock  poly(arylene  ether)s 
with  different  hydrophilic  block  lengths  were  also  synthesised  by 
nucleophile  substitution  poly  condensation  of  TCMBP,  4,4'- 
difluorophenyl  sulfone  and  4,4/-difluorobenzophenone  monomers 
followed  by  Menshutkin  reaction,  avoids  the  use  of  CMME.  The 
AMPE-M20N15  membrane  (DCM-90%)  show  2.69  meq  g”1  IEC  and 
107  mS  cm”1  hydroxide  ion  conductivity  at  30  °C.  Morphological 
studies  of  these  membranes  reveal  distinct  hydrophilic  and  hy¬ 
drophobic  phase  separation.  Alkaline  stability  along  with  durability 
of  AMPE  membranes  is  also  examined  to  assess  their  suitability  for 
ADMFCs.  Under  single  cell  performance  evaluation  in  alkaline 
medium,  M20N15  membrane  exhibit  about  0.95  V  OCV  and 
48.8  mW  cm”2  power  density  at  80  mA  cm”2  current  density. 
Further,  fuel  cell  performance  studies  of  long  term  alkaline  treated 
membranes  shows  marginal  deterioration  and  suitability  of  pre¬ 
pared  AMs  for  ADMFC  applications. 

Designing  concept  of  these  AMs  provides  an  alternate  simple 
route,  which  enables  to  introduce  high  density  of  functional  groups 
(responsible  for  high  hydroxide  conductivity  and  IEC)  without 
sacrificing  the  stabilities.  Furthermore,  reporting  reaction  also  can 
be  used  for  functionalization  of  aromatic  polymers  during  the 
preparation  of  alkaline  membrane  for  diversified  electro¬ 
membrane  processes. 
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List  of  symbols 

WU:  water  uptake 

a.:  membrane  conductivity  (mS  cm-1) 

Ea:  energy  of  activation  (kj  mol-1) 

R:  gas  constant  (J  K-1  mol-1) 

T:  absolute  temperature  (K) 

P:  methanol  permeability  (cm2  s-1) 

5:  chemical  shift  (ppm) 

A:  number  of  adsorbed  water  molecules 
Ax:  membrane  thickness  (cm) 

A:  membrane  conducting  area  (m2) 

SP:  Selectivity  parameter  (S  s  cm-3) 

Rm:  membrane  resistance  (Q) 


